Microarray technology, which allows global gene expression analysis at the transcript level, is now widely used in many stages of drug discovery and development processes, from target identification to preclinical studies (Gerhold et al., 2002) . The application of this technology to studying the adverse effects of chemicals or new drug candidates is referred to as ''toxicogenomics'' (Searfoss et al., 2005; Suter et al., 2004) . Toxicogenomics has been expected as a powerful approach for elucidating mechanisms underlying toxicological endpoints and detecting subtle injury without overt phenotypes, both of which have been difficult using conventional toxicological methods. Indeed, the utility and feasibility of this approach have been demonstrated in a number of reports delineating chemical-induced toxicity, including hepatotoxicity (Heinloth et al., 2004; Steiner et al., 2004) , nephrotoxicity (Amin et al., 2004; Thukral et al., 2005) and genotoxicity (EllingerZiegelbauer et al., 2004) , leading to finding some promising biomarkers, predicting toxicity, discriminating different classes of toxicants, and promoting more in-depth understanding of toxicity mechanisms. This suggested to us that toxicogenomics might also be applicable to studying drug-induced hemolytic anemia, a serious side effect that impedes the effective use of marketed drugs and the development of new drug candidates.
Hemolytic anemia is a common adverse effect that accompanies treatment of individuals with a variety of pro-oxidant drugs such as dapsone, phenylhydrazine (PHZ), and primaquine (Beutler, 1969) . In this hematotoxicity, macrophages capture drug-damaged erythrocytes at an increased rate in mainly, but not limited to, the spleen, leading to a decreased number of erythrocytes and low hemoglobin (HGB) levels in the circulation. In addition, changes observed in hemolytic anemia also involve the elevation of indirect bilirubin levels and reticulocyte counts in the blood. The mechanism underlying hemolytic actions of several agents on red cells has long been studied, and it has been established that hemolytic injury is associated with oxidative stress within erythrocytes. This concept is supported by the fact that hemolytic damage is accompanied by the generation of reactive oxygen species (ROS), glutathione depletion, HGB oxidation, and Heinz body formation in red cells (Jollow and McMillan, 2001; Sivilotti, 2004) . It has also been reported that hemolytic agents caused membrane lipid peroxidation and/or denaturation of cytoskeletal protein (Jollow and McMillan, 2001 ). Nevertheless, direct targets for ROS within cells and the signaling pathway that plays a central role in macrophage recognition remain to be elucidated (McMillan et al., 2005) .
In this study, we selected two direct-acting hemolytic agents for examination: PHZ as a classical hematotoxicant, and phenacetin (PNT, p-ethoxyacetanilide) as a representative drug that has been utilized for therapy until recently. PHZ, an antipyretic drug, has long served as a model compound for the study of hemolysis. It is known to induce oxidative damage to erythrocytes, resulting in hemolysis in vivo and in vitro. Within red blood cells (RBCs), PHZ is thought to interact with HGB in an oxidation reaction, which generates a number of reactive intermediates, such as hydrogen peroxide and superoxide anion (Shetlar and Hill, 1985) . After undergoing oxidative damage from PHZ, erythrocytes are recognized and phagocytized by macrophages, which are suggested to be mediated by immune-related molecules, including autologous IgG, Fc-, and lectin-like receptors (Horn et al., 1991) . PNT is a prodrug of acetaminophen, a well-known nonsteroidal analgesic and antipyretic drug. In humans and experimental animals, several metabolites of PNT formed in vivo have been shown to provoke a variety of serious toxicities, including renal failure (Calder et al., 1973) and hemolysis (Boelsterli et al., 1983) , which caused this drug to be withdrawn from the market. One of the metabolites, N-hydroxyphenetidine (PNOH), has been reported to have direct oxidative effects on the red cells and to mediate PNT-induced hemolytic anemia in rats (Jensen and Jollow, 1991) .
We chose the liver for gene expression analysis because (1) adult erythrocytes, direct targets of hemolytic agents, are nonnucleated, making gene expression measurements practically impossible, (2) the liver is one of the organs where damaged erythrocytes are removed from circulation by resident macrophages (in the liver, these are Kupffer cells), which presumably causes perturbation in hepatic gene expression as secondary effects, and (3) it is preferable that whole-body toxic events can be detected by measuring gene expression changes in a single organ, with the liver being a promising target for this due to a relatively high incidence of drug-induced hepatotoxicity. In the present study, we examined hepatic gene expression changes caused by the administration of hemolytic agents in order to identify potential biomarker genes and to gain insight into the mechanisms behind the liver events accompanying the hematotoxicity.
MATERIALS AND METHODS
Chemicals and materials. PHZ, PNT, and methylcellulose were obtained from Wako Pure Chemical Industries (Osaka, Japan). Saline was from Otsuka Pharmaceutical Factory (Tokushima, Japan). QIAzol Lysis Reagent, MagAttract RNA Cell Mini M48 Kit, QuantiTect Probe RT-PCR Kit, QuantiTect SYBR Green RT-PCR Kit, and QuantiTect Primer Assays were from Qiagen (Valencia, CA). RNAlater was from Ambion (Austin, TX). Cyanine 3-CTP and cyanine 5-CTP were from PerkinElmer (Wellesley, MA). Low RNA Input Linear Amplification Kit and Whole Rat Genome Microarray were from Agilent Technologies (Palo Alto, CA). TaqMan Gene Expression Assays and TaqMan Endogenous Controls were from Applied Biosystems (Foster City, CA). EDTA-2K, heparin sodium, and pentobarbital sodium were from Terumo (Tokyo, Japan).
Animals and animal care. Female Sprague-Dawley albino rats (Crl:CD(SD)) approximately 4 weeks old were purchased from Charles River Japan (Kanagawa, Japan) and maintained in a controlled environment (12-h light-dark cycle, 23 ± 3°C and 50 ± 20% relative humidity) in plastic cages. The animals were provided with certified rodent chow (Oriental Yeast, Tokyo, Japan) and water ad libitum and acclimatized under these conditions for 2 weeks before experimentation. Animal maintenance and treatment were performed according to the principles outlined in the Guide for the Care and Use of Laboratory Animals prepared by the Japanese Association for Laboratory Animal Science and our institution.
Study design and administration of chemicals. Rats were randomly assigned to treatment and control groups (three rats/group/timepoint). PHZ was dissolved in saline and administered ip at 20 and 80 mg/kg per day. PNT was dissolved in 0.5 wt/vol% methylcellulose aqueous solution (0.5% MC) and orally dosed at 500 and 1000 mg/kg per day. The rats were administered the test compounds or the corresponding vehicle once for 1 day (24 h) or once daily for 4 days and then sacrificed 24 h after final administration. At necropsy, the animals were anesthetized with pentobarbital sodium. Blood sample was drawn from the posterior vena cava and put into two vacuum blood-collecting tubes containing EDTA-2K or heparin sodium for hematology or blood chemistry examination, respectively. Then, the rats were euthanized by exsanguination, and liver samples were collected. The median lobe of the liver was sliced and fixed in 10% neutral buffered formalin for histopathological evaluation. A section of the left lobe of the liver was chopped into smaller pieces, soaked in RNAlater, and stored at ÿ 80°C until the RNA was isolated.
Histopathology. The tissues fixed in 10% neutral buffered formalin were embedded in paraffin, sectioned at 3 lm, and stained with hematoxylin and eosin for histopathological evaluation. To characterize hemosiderin, liver section was additionally stained with Berlin blue and examined under a light microscopy.
Hematology and blood chemistry examination. Whole blood treated with EDTA-2K was subjected to hematology analysis using an ADVIA 120 Hematology System (Bayer AG, Leverkusen, Germany). The analysis included RBC counts, hematocrit (HCT) values, and HGB concentrations. Plasma was obtained from the blood collected with heparin sodium and subjected to blood chemistry analysis. Total bilirubin (T-Bil) levels and activities of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined using an automatic analyzer 7170 (Hitachi, Tokyo, Japan).
RNA isolation and labeled cRNA preparation. Total RNA was extracted from the left lobe of the liver using QIAzol Lysis Reagent and further purified using the BioRobot M48 Workstation (QIAGEN) in combination with MagAttract RNA Cell Mini M48 Kit, including a DNase digestion step according to the manufacturer's protocol. RNA concentration was determined by absorbance at 260 nm, and RNA quality was checked using Agilent 2100 Bioanalyzer (Agilent Technologies). Equal amounts of total RNA from individual rats within each dose group (n ¼ 3) were pooled and used as templates for the microarray analysis.
Labeled cRNA targets were prepared using Low RNA Input Linear Amplification Kit following procedures recommended by the manufacturer. Briefly, 500 ng of total RNA mixture was reverse transcribed with oligo-dT primer containing T7 promoter sequence. Using the resulting cDNA as templates, labeled cRNA for chemical-treated groups and control groups were synthesized by in vitro transcription in the presence of cyanine 5-CTP and cyanine 3-CTP, respectively. Labeled cRNAs were purified and quantified by absorbance at 260 nm.
Microarray analysis. Cyanine 5-labeled cRNA from chemical-treated animals was combined with cyanine 3-labeled cRNA from vehicle-and time-matched TOXICOGENOMIC ANALYSIS OF HEMOLYTIC ANEMIA 475 control animals. The cRNA mixture was applied to an oligonucleotide microarray (Agilent Technologies, Whole Rat Genome, G4131A), and hybridization was carried out at 60°C for 17 h according to the manufacturer's instructions. Following hybridization, the slide was washed, dried, and scanned on an Agilent DNA microarray scanner (Agilent Technologies). Fluorescence image was quantified using Feature Extraction software (Agilent Technologies). The expression value for each spot was determined by subtracting the local background signal from the spot area signal.
Locally weighted scatterplot smoothing (LOWESS) normalization, ratio (treated/control) calculation, and two-way hierarchical clustering were conducted using GeneSpring software version 7.0 (Agilent Technologies). Genes were considered as upregulated when they had a ratio of over 1.5 and as downregulated if they had a ratio of under 0.67. In the two-way hierarchical clustering analysis, standard correlation and Pearson's correlation were used for grouping genes and conditions, respectively.
Quantitative real-time PCR. Expression levels of rat aminolevulinic acid synthase 2 (Alas2), beta-glo (MGC72973), erythroid-associated factor (Eraf), heme oxygenase 1 (Hmox1), ''lectin, galactose-binding, soluble 3'' (Lgals3), Rhesus blood group CE and D (Rhced), and glyceraldehyde-3-phosphate dehydrogenase (Gapd) were measured by one-step quantitative real-time PCR (RT-PCR). Forty nanogram of the total RNA from each aliquot was used as the template in each reaction, and TaqMan Gene Expression Assays (for Alas2, Assay ID Rn00566201_m1; beta-glo, Assay ID Rn02396921_g1; Hmox1, Assay ID Rn01536933_m1; Lgals3, Assay ID Rn00582910_m1; and Rhced, Assay ID Rn00574568_m1) or TaqMan Endogenous Controls (for Gapd) were employed as sets of gene-specific probe and primer pair. QuantiTect Primer Assay was used as the gene-specific primer pair for Eraf (Cat. No. QT00376117). Quantitative RT-PCR was performed using QuantiTect Probe RT-PCR Kit (for Alas2, beta-glo, Gapd, Hmox1, Lgals3, and Rhced) or QuantiTect SYBR Green RT-PCR Kit (for Eraf), and the transcript level was quantitated with GeneAmp 5700 Sequence Detection System (Applied Biosystems), according to the manufacturer's protocols. The resulting cycle threshold (Ct) value was processed based on the comparative Ct method (Livak and Schmittgen, 2001) , where Gapd was used as an endogenous reference gene to normalize the expression level of target genes.
Statistics. For hematology and blood chemistry, data are reported as mean ± SD, and differences between control and treated groups were evaluated by Dunnett multiple comparison test. Correlations between hematology, blood chemistry, and quantitative RT-PCR data were assessed based on Pearson and Spearman rank correlation coefficient. All statistical analyses except for microarray data were conducted using SAS software.
RESULTS

Histopathology
Female Sprague-Dawley rats were injected with two different doses of two hemolytic agents, PHZ and PNT, once for 1 day (24 h) or once daily for 4 days to provoke hemolytic anemia, as described in the ''Materials and Methods.'' To confirm the incidence of hemolytic changes in the livers of the chemical-treated animals, the liver was histopathologically examined. Hepatic lesions associated with hemolytic anemia are summarized in Table 1 . Data for the daily high dose (80 mg/ kg/day) of PHZ for 4 days are not available due to mortality. There were no lesions in the livers of rats dosed with each of the two vehicles (saline and 0.5% MC) for any of the exposure periods (data not shown). In the PHZ treatment groups, erythrophagocytosis by Kupffer cells was observed in the sinusoid at both dose levels (20 and 80 mg/kg/day) for 24 h and at the low dose (20 mg/kg/day) for 4 days, with the severity being dose and time related. On the other hand, PNT induced mild to moderate erythrophagocytosis at the high doses (1000 mg/kg/day) given for both 24 h and 4 days. Hemosiderin deposition was presented in Kupffer cells at the low dose of PHZ for 4 days and at the high dose of PNT for 4 days. PHZ also provoked extramedullary hematopoiesis at the high dose for 24 h and the low dose for 4 days. Thus, hepatic lesions associated with hemolytic anemia, as described previously, occurred following treatment with the tested compounds (Bruckner et al., 1989; Mellert et al., 2004; Redondo et al., 1995) .
Hematology and Blood Chemistry Examination
RBC, HGB, HCT, and T-Bil following the treatment with PHZ and PNT are shown in Figure 1 . Compared to the timeand vehicle-matched controls, significant decreases in RBC, HGB, and HCT were observed after the treatment with PHZ at both dose levels for 24 h in a dose-dependent manner and at the low dose for 4 days. PHZ also provoked an increase in T-Bil at the high dose for 24 h and at the low dose for 4 days. As for PNT, only the repeated high dose for 4 days caused significant decreases in RBC, HGB, and HCT and an increase in T-Bil. There were slight elevations in both AST and ALT or AST alone at the high dose of PHZ for 24 h, both dose levels of PNT for 24 h, and the high dose of PNT for 4 days, indicating that mild liver injuries occurred under these conditions (data not shown). Together with histopathological observations, the high dose of PHZ for 24 h, the low dose of PHZ for 4 days, and the high dose of PNT for 4 days were considered to have induced significant hemolytic anemia. The severity order of the hematotoxicity was as follows: PHZ, low dose, 4 days > PHZ, high dose, 24 h > PNT, high dose, 4 days.
Microarray Analysis
Global gene expression changes in the livers of rats treated with two hemolytic agents were examined using whole-genome oligonucleotide microarrays. First, we determined differentially expressed genes under the three conditions that caused severe hemolytic anemia: PHZ, high dose, 24 h; PHZ, low dose, 4 days; and PNT, high dose, 4 days. As a criterion for differential expression, 1.5-fold change compared to the control was employed. Based on this threshold, the high dose of PHZ for 24 h had 904 and 893 probes that were up-and downregulated, respectively. The PHZ low dose for 4 days had 423 upregulated and 131 downregulated probes. The repeated high dose of PNT for 4 days had a total of 1035 differentially expressed probes by greater than 1.5-fold, with 450 upregulated and 585 downregulated. These results indicate that the doses of the two hemolytic agents had significant influence on hepatic gene expression. Secondly, we extracted probes that were up-or downregulated under all the three conditions, where the direction of regulation was considered, in order to obtain probes whose expression levels were characteristically deregulated under hemolytic conditions (Fig. 2) . Unexpectedly, of the 1550 probes that were included in either of the upregulated probe lists, only 35 probes (2.3%) met these criteria ( Fig. 2A) . Similarly, among the 1501 probes that were included in any of the downregulated probe lists, no more than 10 probes (0.7%) were repressed under all the three conditions (Fig. 2B) . The relatively small number of overlapping probes suggests that most of the gene expression changes obtained with the microarray resulted from direct impact of the agents (and/or their metabolites) on the liver rather than from the secondary effects of hemolysis. This is also supported by the observation that the low dose of PHZ for 4 days, which induced the severest hemolysis, had the smallest number of differentially expressed probes of the three conditions.
The probes that were induced or repressed under all the three hemolytic conditions are represented in Table 2 . Because all the probes listed in Table 2 had no redundant gene annotations among each other, we use the term ''gene'' in stead of ''probe'' below. In the table, genes were categorized based on their representative biological processes or pathways. Predominant functional categories of upregulated genes included cell adhesion, HGB biosynthesis, immune response, inflammatory response, oxidative stress, and transport. At the low dose of PHZ for 4 days, which provoked the severest hemolysis, the most upregulated gene in Table 2 was erythroid-associated factor (Eraf, AHSP) (11.4-fold), followed by ''lectin, galactosebinding, soluble 3'' (Lgals3, galectin 3) (9.4-fold). In the case of the repeated high dose of PNT for 4 days, metallothionein 1a (Mt1a) was the most induced one (8.4-fold). In contrast to the upregulated gene list, the downregulated gene list had no prominent functional categories.
Two-way hierarchical clustering analysis were carried out for the 45 genes listed in Table 2 and seven dosing conditions examined, where genes and conditions were grouped based solely on the similarity of the expression patterns (Fig. 3 ). In the dendrogram for genes, there were several distinct clusters/ groups that were enriched in genes of certain functional categories. For example, one cluster that includes aminolevulinic acid synthase 2 (Alas2, ALAS-E) and beta-glo (MGC72973), encoding HGB beta-chain, consisted of those generally associated with HGB biosynthesis or heme metabolism. Another cluster including Lgals3 and vascular cell adhesion molecule 1 (Vcam1) had several members that are involved in immune response or cell adhesion. Additionally, there was a cluster encompassing a group of genes associated with general or oxidative stress response. The cluster included Mt1a and heme oxygenase (decycling) 1 (Hmox1, HO-1) .
Among the three clusters mentioned above, the two former ones included genes whose expression changes showed relatively high negative correlation with average RBC within each dose group (Figs. 1 and 3) , suggesting that some of the members in these clusters could be used as potential biomarkers for hemolytic anemia. Hence, together with the putative functional association with hemolysis (described below) and the magnitude of expression changes, we selected five candidate genes within these two clusters. They were Alas2, beta-glo, Eraf, Lgals3, and ''Rhesus blood group CE and D'' (Rhced). In addition, Hmox1 was also chosen because of its apparent association with hemolysis; namely, Hmox1 encodes the ratelimiting enzyme in heme degradation that leads to increased levels of T-Bil in the circulation (Choi and Alam, 1996; Maines and Veltman, 1984) . These six genes, all of which were upregulated under the hemolytic conditions, were further evaluated as biomarker candidates using quantitative RT-PCR.
Confirmation of Gene Expression Changes by Quantitative RT-PCR
We employed quantitative RT-PCR to confirm the changes in transcript levels of the selected genes identified by microarray analysis: Alas2, beta-glo, Eraf, Hmox1, Lgals3, and Rhced. In quantitative RT-PCR, liver RNA samples from individual animals were used as templates in order to perform individual-level comparison of changes between gene expression and blood parameters (e.g., RBC and T-Bil), which allows more accurate evaluation of marker candidate genes. Comparisons of microarray and quantitative RT-PCR data for these genes are presented in Figure 4 . Overall expression changes obtained with microarrays were in good agreement with those measured by quantitative RT-PCR, even though most of the ratios from microarrays were lower than those from quantitative RT-PCR. This ratio compression, noted in several reports delineating similar comparisons (Ellinger-Ziegelbauer et al., 2004; Hamadeh et al., 2002) , may be due to technical problems such as nonspecific cross-hybridization in the microarray experiment or lower PCR amplification efficiency than theoretically expected in the comparative Ct method, where DNA strands were considered to be doubled in each cycle. However, with collective comparisons for all selected genes, we obtained a Pearson correlation coefficient of 0.89 between base-2 log ratios from microarray and quantitative RT-PCR. In addition, consistent with microarray measurements, Eraf was the most upregulated gene at the low dose of PHZ for 4 days among the six. Thus, in spite of the presence of ratio compression, quantitative RT-PCR data strongly supported the expression change of selected genes from microarray measurement.
Correlations between Marker Candidate Genes and RBC or T-Bil
We calculated Pearson and Spearman rank correlation coefficients between the expression data of the six selected genes (Alas2, beta-glo, Eraf, Hmox1, Lgals3, and Rhced) and RBC or T-Bil. DCt (Ct Gapd -Ct target ) values obtained by quantitative RT-PCR from individual rats were employed as the values for gene expression levels. As shown in Table 3 , the expression levels of all the selected genes showed high negative correlation with RBC (p < 0.001 for all selected genes, data not shown), and high positive correlation with T-Bil (p < 0.001 for all selected genes, data not shown), with a tendency of showing larger absolute values for the Pearson than for the Spearman correlation. Of the six genes, beta-glo and Lgals3 showed the highest inverse Spearman and Pearson correlation with RBC, respectively. As for T-Bil, Hmox1 showed the strongest Spearman correlation and beta-glo represented the highest Pearson correlation. Scatter plots for these comparisons are presented online as supplementary data (http://toxsci. oxfordjournals.org/).
DISCUSSION
The present study was undertaken to examine whether druginduced hemolytic anemia leads to hepatic expression changes of genes involved in common biological processes or pathways, TOXICOGENOMIC ANALYSIS OF HEMOLYTIC ANEMIA 479 which could enable identification of biomarker genes and better understandings of the liver events associated with the hematotoxicity. Therefore, we treated rats with two hemolytic agents, PHZ and PNT, and examined hepatic gene expression changes using oligonucleotide microarrays containing all genes on rat genome. Based on the concurrently conducted histopathological, hematological, and blood chemistry analyses, we judged that the following three dosing conditions had induced severe hemolytic anemia: PHZ, high dose (80 mg/kg), 24 h; PHZ, low dose (20 mg/kg/day), 4 days; and PNT, high dose (1000 mg/kg/day), 4 days. Each of these hemolytic conditions had more than 500 differentially expressed genes (probes), but we identified only 45 genes that were commonly deregulated under all the three conditions. Nevertheless, among them, there were several subsets of genes with certain functional categories, including cell adhesion, HGB biosynthesis, and immune   FIG. 3 . Two-way hierarchical clustering of genes and conditions. Genes were included that were up-or down-regulated with magnitude greater than 1.5-fold under all the three hemolytic conditions (PHZ, high dose, 24 h; PHZ, low dose, 4 days; and PNT, high dose, 4 days) ( Table 2 ). The red and green in the heat map show upregulation and downregulation relative to the control, respectively. LD and HD indicate low-dose group and high-dose group, respectively. 480 ROKUSHIMA ET AL.
FIG. 4.
Comparisons of DNA microarray and quantitative RT-PCR measurements for six putative biomarker genes for hemolytic anemia (Alas2, beta-glo, Eraf, Hmox1, Lgals3, and Rhced). The levels of expression are shown as the log 2 ratio of treated to control animals. White and gray bars represent DNA microarray and quantitative RT-PCR expression ratios, respectively. For quantitative RT-PCR, data are expressed as average ± SD (n ¼ 3). LD and HD indicate low-dose group and high-dose group, respectively. Note. Spearman rank and Pearson correlation coefficients between expression of the six selected genes and RBC counts or T-Bil levels were calculated using DCt (Ct Gapd -Ct target ) as the values for gene expression levels (n ¼ 33). For RBC and T-Bil, measured values from individual rats were used for calculation, which were also utilized to obtain average values shown in Figure 1 . Genes were sorted in order of ascending Spearman rank correlation coefficient for RBC.
TOXICOGENOMIC ANALYSIS OF HEMOLYTIC ANEMIA 481 response (Table 2) . Furthermore, some of the genes with common functional categories formed a definitive cluster in hierarchical clustering analysis (Fig. 3) . These results suggest that there existed common cellular pathways or processes that were affected in response to hemolysis caused by the two different kinds of agents. We therefore explored the potential links between the deregulation of some of these genes and hemolytic events in the liver. The most plausible associations are schematically depicted in Figure 5 .
Phagocytosis
We found upregulation of two genes (Lgals3 and Fcgr2b) involved in phagocytosis, a key process in immune response. Lgals3, a b-galactoside-binding lectin, was induced by greater than threefold under all three hemolytic conditions ( Table 2 ). Lgals3 has roles in a variety of cellular processes such as immune reactions and development and is overexpressed in phagocytic macrophages (Dumic et al., 2006) . On the other hand, Fcgr2b, which encodes type II Fcc receptor, showed mild upregulation (1.5-to 1.7-fold). This gene is reported to be involved in the recognition and phagocytosis of PHZ-oxidized RBCs by macrophages (Horn et al., 1991) . Interestingly, Sano et al. have reported that knockout mice deficient in Lgals3 gene (Lgals3 ÿ/ÿ ) exhibited decreased IgG-mediated erythrophagocytosis by Kupffer cells in an autoimmune hemolytic anemia model. Furthermore, they also showed that Fcc receptor-mediated actin polymerization, a cytoskeletal change accompanying phagocytosis, was also impaired in Lgals3 ÿ/ÿ macrophages (Sano et al., 2003) . Hence, the induction of these two genes may be related to the enhancement of erythrophagocytosis that we observed under the three hemolytic conditions by histopathological analysis.
Erythropoiesis
Five induced genes (Alas2, beta-glo, Eraf, Hbe2, and Hmox1) in Table 2 are involved in HGB biosynthesis or heme metabolism, and four of them (Alas2, beta-glo, Eraf, and Hbe2) formed a single cluster along with a blood group gene, Rhced, in the hierarchical clustering analysis (Fig. 3) . Since both cellular processes play critical roles in erythropoiesis, concerted upregulation of these genes probably reflects the activation of erythropoiesis in the liver which was observed as a hepatic lesion of extramedullary hematopoiesis. Of particular note is that, among the five genes, the expression of four (Alas2, beta-glo, Hbe2, and Hmox1) is known to be induced by heme, a degradation product of HGB (Fujita et al., 1991; Fukuda et al., 1994; Shibahara et al., 1993) . The upregulation of these genes in our experiment may therefore be driven to a large extent by a suspected increase in heme levels resulting from phagocytosis of the damaged erythrocytes by Kupffer cells (Fig. 5) . From a mechanistical point of view, it has been reported that heme inhibits DNA-binding activity of a repressor molecule Bach1, which under low-heme conditions binds to Maf recognition elements on the regulatory regions of Hmox1 and b-globin locus genes (beta-glo and Hbe2), thereby repressing transcription (Igarashi and Sun, 2006) .
Eraf and Rhced clustered with the majority of putatively heme-regulated genes in hierarchical clustering (Fig. 3) . Eraf encodes a-HGB-stabilizing protein that functions as a molecular chaperone for free a-HGB and prevents its precipitation in erythrocytes. Deficiency of this gene (Eraf ÿ/ÿ ) leads to hemolysis with Heinz body formation in mice (Kong et al., 2004) . On the other hand, Rhced is known to produce antigens on the surface of erythrocytes (Kumada et al., 2002) . Thus, both genes significantly participate in erythropoiesis as well as the putatively heme-regulated genes. Intriguingly, it has been recently reported that, in addition to b-globin genes, Eraf and Rhced plus Alas2 are potential targets of erythroid Kruppel-like factor (EKLF, KLF1), a transcription activator that regulates global erythroid gene expression, suggesting that EKLF might have played a role in the expression changes of these erythropoiesis genes in our experiment (Hodge et al., 2006) .
Miscellaneous
There are three upregulated genes in Table 2 that are assigned to cell adhesion category. In addition, Lgals3 and ''glycoprotein (transmembrane) nmb'' (Gpnmb) in Table 2 are also suggested to be involved in cell adhesion (Dumic et al., 2006; HaralanovaIlieva et al., 2005) , both of which were induced in response to hemolysis. Interestingly, four of these five genes (Ceacam10, Gpnmb, Lgals3, and Vcam1) belonged to the same group in the clustering analysis (Fig. 3) . These results may indicate that enhancement of cell adhesion activity occurred in some types of hepatic cell populations as a result of a hemolytic response, although it is difficult to find a plausible explanation for the upregulation of these genes. In the case of Vcam1, however, this gene has been reported to be inducible by heme in vascular endothelial cells as well as other adhesion molecules, suggesting that the Vcam1 induction we observed may also be a result of a putative increase in heme levels (Wagener et al., 1997) .
Of the transporter genes listed in Table 2 , ''solute carrier family 39 (iron-regulated transporter), member 1'' (Slc40a1) encodes a multiple transmembrane domain protein, known as ferroportin 1, which acts as a cellular iron exporter in the liver (Anderson and Frazer, 2005) . In humans, functional loss of Slc40a1 by mutation is reported to cause impaired iron homeostasis, resulting in iron overload and hemosiderin deposition in Kupffer cells (Zoller et al., 2005) . Accordingly, the induction of Slc40a1 that we found may reflect a cellular effort to decrease the enhanced levels of intracellular iron, which was confirmed as hemosiderin deposition by histopathological analysis (Table 1 ) and was probably derived from heme degradation by Hmox1 (Fig. 5) .
Anemic Marker Candidates
Based on the putative functional association with hemolytic anemia and the magnitude of expression changes, six biomarker candidate genes were selected from microarray analysis (Alas2, beta-glo, Eraf, Hmox1, Lgals3, and Rhced). Then, their expression changes were confirmed by quantitative RT-PCR using RNA samples from individual rats. Individual-level comparisons between quantitative RT-PCR data and RBC or T-Bil confirmed that expression of all selected genes showed high correlation against the severity of hemolysis (Table 3) , indicating that these genes may be utilized as biomarkers for hemolytic anemia. Among them, beta-glo, encoding HGB betachain, exhibited the highest correlation with both RBC (Spearman) and T-Bil (Pearson), suggesting that this gene is one of the most promising marker candidates. In addition, Lgals3 and Hmox1 are also potential candidates in that they showed the strongest negative Pearsons correlation and positive Spearmans correlation against RBC and T-Bil, respectively. However, it should be noted that some of the selected genes are likely to be upregulated by other stimuli or stresses, which leads to false positive detection. Indeed, Hmox1 is known to be induced in response not only to its substrate heme, but also to various stimuli, including oxidative stress and heavy metals (Choi and Alam, 1996) . Similarly, we cannot exclude the possibility that Lgals3 would be inducible in the liver when compounds cause hepatocyte necrosis because this gene is suggested to have a role in phagocytosis of damaged cells (Dumic et al., 2006) . In such cases, simultaneous evaluation of collective expression changes of marker candidate genes may allow more accurate prediction because in the two-way hierarchical clustering, the three dosing conditions that provoked severe hemolysis were tightly clustered among the dosing conditions tested (Fig. 3) . Additionally, prediction models such as support vector machine, a binary classifier, seem to be useful since they have been successfully applied in cases of chemical-induced nephrotoxicity (Thukral et al., 2005) and hepatotoxicity (Steiner et al., 2004) . In this study, we could not test this possibility because of the shortage of data for building a prediction model and evaluating it. When sufficient hepatic gene expression profiles for other types of direct-acting hemolytic agents become available, we hope to test the feasibility of the approach.
CONCLUSIONS
In summary, drug-induced hemolytic anemia led to hepatic expression changes of a subset of genes associated with specific cellular pathways: HGB biosynthesis, heme metabolism, cell adhesion, and immune response. Expression patterns of several upregulated genes, including beta-glo and Lgals3, showed high negative and positive correlation against RBC and T-Bil in blood, respectively, suggesting that these genes can be used as potential hepatic biomarkers for hemolytic anemia.
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